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PHOTOMECHANICAL INVESTIGATION O F  STRUCTURAL 
BEHAVIOR OF GYROSCOPE COMPONENTS 
TASK V 
MATERIALS AND DESIGN DATA 
Summary 
This fifth report  completes the 2 2  months of investigations by Allied Research 
into (thermal,  s t ructural ,  mater ia ls ,  and design problems on advanced gyroscopes 
and accelerometers  subjected to temperature,  iner t ia ,  and impact.,. The la tes t  
data  are preceded by a summary  of the total project  which recounts the resul ts  and 
highlights the major  contributions. 
Important resul ts  and conclusions from this la tes t  phase a r e  as follows: 
-1. 
* 2. 
13. 
/4. 
A. 
Microplasticity data were  obtained for  S 100 and I 400 beryllium, for  
52100 steel ,  for  Lockalloy, and for  Elkonite. 
The initial microinch offset yield strength for  S 100 was found to be 
approximately 2000 to 2500 ps i  whereas for  I 4 0 0  values of about 7000 psi  
were  found. 
Hardly any significant variations in corrosion character is t ics  were observed 
in S 100, I 400, and Lockalloy. 
Dislocation density measurements on S 100 indicated significant residual 
s t ra in  in the as-received condition in spite of the specification requirements 
of s t r e s s  relieving. 
Design charts  were  constructed for  AB5-K8 rectangular fork proportions 
yielding equal rigidities in  the two t ransverse  directions and resist ing a 
range of temperature  differences and impact loads for a variety of forklshaf t  
mate rial combinations. 
I 
The major  accomplishments of the 2 2  months investigation were the,identification 
of the superiority of I 400 beryll ium alloy over  S 100 alloy, efficient theoretical  pro- 
cedures  for the determination of fork  and shaft temperatures  under steady s ta te  and 
t ransient  conditions, and the construction of design charts  for  rapid identification 
of efficient fork geometries for  a variety of fork/  shaft mater ia l  combinations. ; \ 
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I. INTRODUCTION 
A. Purpose of Pro jec t  
This project has had the goal of providing scientific data to the Astrionics 
Laboratory as an aid in  the process  of achieving an efficient gyro o r  accelerometer  
cover design f o r  anticipated temperature  and iner t ia  fields. 
recapitulates the resul ts  and conclusions of these efforts in  which the s t ruc tures ,  
mater ia l s  and design sciences were  amalgzmated in a carefully integrated program 
to achieve the project goal. 
project reports  of which this i q  the las t .  
The following section 
The realization of that goal is substantiated in the f i v e  
The details of this final task appear in the remainder of the report. 
B. Pro jec t  Recapitulation 
The project began in November 1965. Initial emphasis was upon determination 
of fork and shaft temperatures  in steady state running, and upon resultant fork and 
shaft  fo rces  and deformations. Later  on, the importance of careful measurements  
of mater ia l  property data was recognized, and the major  emphasis in the la t ter  stages 
of the project has been upon microplasticity and corrosion investigations. 
culmination of all the project efforts is delineated in the design charts  for  fork pro- 
portions contained in  this report .  
The 
The history of Allied efforts is recalled by duplicating the summar ies  of the 
preceding four tasks. 
Task  I Summary (November 1964-July 1965) 
In this thermoelastic investigation of the AMAB-3 accelerometer ,  a detailed 
electr ic  analog heat t ransfer  analysis was conducted. 
result ing f r o m  internal  heat generation a r e  described for  severa l  conditions. In 
addition, theoretical  internal  forces  and thermal  deformations were  computed utilizing 
data on temperature  generated in the stator. 
Temperature  distributions 
I 
Important conclusions are  summarized as follDws: 
1. 
2. 
The flywheel and end bell a r e  regions of thermal  "hot Spots". 
The la rges t  temperature  change w a s  found on the 52100 s tee l  shaft while 
no measureable  change could be detected on the beryllium shaft. 
Higher motor temperatures  a r e  to be expected with a s teel  shaft. 
Cylinder temperature  was found approximately equal to the gas bearing 
tempe r atu r e. 
3. 
4. 
5. The flywheel temperature  varied,  significantly only with the motor 
temp e r a tur  e, 
The higher the sleeve temperature the higher the temperature  levels 
found throughout the inner cylinder assembly i f  the motor temperature  
remained constant. 
The thermal  res is tance of the nitrogen gas gap should have no measureable 
effect on the temperature  distribution. 
Thermal  deformations of 8 microinches may be expected to occur in 
normal  operation. 
F o r  an air atmosphere for the motor the temperatures  in the thermal  
"hot spotsff  tend to be lower than for  a helium atmosphere for  the same 
mo to r temp e r atu r e. 
F o r  the same power input the a i r  atmosphere produces higher motor 
temperatures  than the helium atmosphere. 
Temperature  differences of the o r d e r  of 1 F were  found between the 
opposite extremities of the shaft due to the non-symmetrical design 
using a helium atmosphere. 
6. 
7. 
8. 
9. 
10. 
11. 
12. Fabrication tolerance should not affect thermal  deformations. 
Task  I1 Summarv (Julv 1965-October 19651 
In this thermoelastic investigation of the AB-5 stabilization gyro, a detailed 
electr ic  analog heat t ransfer  analysis was conducted. Temperature  distributions 
resulting f rom internal  heat generation a r e  described for  severa l  conditions. In 
addition, theoretical  internal  forces  and thermal  deformations were  computed 
utilizing data on temperatures  generated in the stator.  Photothermoelasticity was 
used to verify the theoretical  thermoelastic behavior. 
Important conclusions are summarized as follows: 
2. 
3. 
4. 
1. The flywheel fabricated f r o m  Elkonite should have an insignificant 
effect on temperature  distributions for  steady s ta te  conditions. 
it should affect the transient state. 
The flywheel and end ball a r e  regions of thermal  Ithot spotsfl. 
The la rges t  temperature  change w a s  found on the 52100 s teel  shaft. 
High motor temperatures  should occur  with the s teel  shaft design with 
ten w a t t s  power input. 
Cylinder temperature  is 
pe ra tur  e. 
However, 
approximately equal to the g a s  bearing tem- 5. 
2 
6. 
7 .  
a. 
9. 
10. 
11. 
12. 
The flywheel temperature  var ies  only with the motor temperature.  
The higher the gas bearing temperature  the lower the temperature  drop 
on the shaft if  the motor temperature remains constant. 
The thermal  res is tance of the nitrogen gas  gap would have no measureable 
effect on the temperature  distribution. 
Thermal  deformations in  the order  of 50 microinches may occur  in 
normal  operation. 
Fabrication tolerances should not affect thermal  deformations. 
Prel iminary studies of dimensional instability indicate microstrain and 
microcreep  in components could affect gyro performance. 
A change in the basic design to a symmetr ic  s t ruc ture  support for  the 
shaft would be expected to reduce the effect of temperature  gradients. 
Task 111 Summary (October 1965- November 1965) 
Theoretical  and experimental temperature investigations were  made of the 
AB-5 gyro and AMAB-3 accelerometer.  
nodes in the prototype components and temperatures  were  measured af ter  steady 
s ta te  conditions prevailed. The temperature distributions obtained experimentally, 
simulating heat generated in the s ta tor  with no wheel rotation, were  compared with 
theoret ical  values obtained f rom computations employing an analog described in  
previous reports  (Refs. 1, 2). 
Thermocouples were  located at s t ra tegic  
Important conclusions a r e  summarized as follow S: 
AB-5 Gyro and AMAB-3 Accelerometer 
1. 
2. 
3. 
4. 
Hot spot exists in the end bell. 
Cylinder temperature  approximately equals gas  bearing temperature.  
Small  temperature  gradients exist  in the prototype. 
End bell temperature  is lower than shaft temperature  adjacent to the 
stator. 
No appreciable heat flows through the ball bearings. 5. 
AMAB-3 Accelerometer 
1. 
2. 
No measurable  temperature  gradient w a s  observed on the shaft. 
Bearing gas has no measurable effect on temperature  distributions. 
3 
Task IV  Summarv (November 1965 - ADril  1966) 
Theoretical  and experimental  investigations were  conducted on the s t ructure  
and the mater ia l s  of the first of severa l  redesigns of the AB5-K8 gyro. Shock and 
temperature  loads were  considered, and determination w a s  made of the microinch 
offset yield strength of the beryllium now being used in the gyro. 
As a resul t  of the investigation, elementary beam theory was shown to be a 
reliable procedure f o r  predicting shaft deflections, a simple method of transient 
heat t r ans fe rwas  shown to have promise in shaft design, and an  efficient fork 
configiiration appeared to be achievable usicg thin, flat members cantilevered 
f rom the cover plate. 
at the low end of the range of properties of standard beryll ium metal ,  below that of 
the high PEL beryllium (I 400), and far below what might be expected of steels. 
The microinch offset yield strength of S 100 beryllium w a s  
4 
11. MICR OPLAS TICIT Y EXPERIMENTS 
A ,  Introduction 
We had previously reported (Reference 1) the low s t r e s s  level microplastic 
behavior obtained f rom a number of tes t s  on one specimen of beryllium, Bendix 
mater ia l  specification 450 A Grade A which is equivalent to Brush S 100 mater ia l .  
This par t icular  mater ia l  had been used in fabricating a number of s t ructural  members  
of the AB5O-K8 gyro. 
the o rde r  of qne rr?icrcinch (25 micromm) might have an  effect on instrument precision 
and accuracy,  it was appropriate to study the s t r e s s  magnitudes which would resul t  
in permanent s t ra ins  of the order  of 10 
Since permanent mater ia l  displacements in  the instrument of 
-5 to 
Tes ts  which were  performed on samples of the S 100 mater ia l  reported here  
and reported in reference 1,  indicated that a s t r e s s  level of approximately 2000 psi  
(13. 8 N/mm ) would resu l t  in a permanent s t ra in  of 1 x 10 
fication the s t r e s s  level which resul ts  in a permanent plastic s t ra in  of 1 x 10-6will 
be called the one microinch offset yield s t r e s s  (1 MOYS throughout the remainder of 
this report) ,  
a 1 MOYS value of 1500 psi  (10. 3 N / m m  ). 
2 -6 . (As  a matter  of identi- 
A second loading of the same specimen in the r eve r se  direction showed 
2 
It  was conceivable that the s t ructural  members  of the instrument would sustain 
higher values of s t r e s s  than the 1 MOYS of s 100 beryllium. We, therefore,  initiated 
a testing program to per form additional tests on S 100 mater ia l  and to identify other 
mater ia l s  which might have higher 1 MOYS values and which would also be suitable 
fo r  application in the instrument.  
The mater ia ls  tested and reported herein included the following: 
1. Beryllium: Bendix Specification 450 A Grade A (Brush S 100) 
2. Bendix Specification 450 A Grade D (Brush I 400) 
3. Steel: Type 52100 
4. Lo ckalloy: Beryllium- Aluminum Alloy 
5. Elkonite: Tungsten-Copper Alloy 
The chemical composition of each of these mater ia l s  and available processing 
Beryllium: 
and proper t ies  data are  given in Appendix I. 
B. Testing Procedure 
The testing technique employed the standard load-unload procedure ei ther  in 
bending o r  in compression. F o r  the bending tes t s  an  I-beam configuration shown in 
5 
Fig. 1 was used, similar to that which was described in Ref. 1 for  the S 100 tes ts .  
The s t ra ins  were  measured by temperature compensated foil s t ra in  gages BLH type 
FAP-12-12S6 installed on both the compression and tension surfaces  of the beam 
specimen in a full bridge arrangement.  
(3 .  2 mm) ,a re  paper backed, and were  attached with SR-4 cement. 
moment was applied by a loading whiffletree which is shown in Figure 2. 
sion tes t s  were performed on simple cylindrical specimens between hardened fixed 
platens in an ARA testing machine. 
These gages have a gage length of 0. 125 in. 
The bending 
Compres-  
Two s t ra in  measurements  were made f o r  each load increment:  the s t ra in  
value a t  the applied load and the s t ra in  reading when the load was removed. F r o m  
the fo rmer  a s t r e s s - s t r a in  curve was obtained and this allowed for  a determination 
of Young's modulus fo r  comparison with published values. 
that the technique was valid if  the experimental and published values of Young's 
modulus were  in agreement.  
the no-load s t ra in  readings, 
We would be assured  
The residual plastic s t ra ins  were  determined from 
c. TemDerature ComDensation 
Temperature  changes of the order  of 1 F  (0.6 K) can resul t  in thermal  
s t r a in  magnitudes in  most  metals which a r e  five times greater  than the microplastic 
s t ra in  values measured here .  However, the full bridge s t ra in  gage configuration was 
self  temperature  compensating fo r  thermal s t ra ins  providing no varying temperature  
gradient existed in the specimen and providing that the response of each of the s t ra in  
gages was  the same under changing temperature.  
Working in an a i r  conditioned laboratory, we saw no need for using elaborate 
tempera ture  control procedures in the beam tests  aside f rom shielding the specimens 
f r o m  g ross  a i r  movements which could result f rom doors being opened, etc. 
every  c a s e  the s t ra in  instrumentation was turned on and allowed to stabilize for  a t  
l ea s t  one hour before the tes t .  
the efficiency of our  temperature  compensation techniques. 
on one of the Beryllium I 400 specimens,  an  additional load-unload tes t  was p e r -  
formed with the same direction of loading using the same s t r e s s  increments.  
this additional test ,  however, the beryllium tes t  mater ia l ,  having been previously 
s t ra ined,  was completely elast ic  and ideally there  should have been no residual 
plast ic  s t ra ins .  
origin. 
could be considered the maximum thermal effect in any one tes t  under the conditions 
of the bending tes ts .  
In 
We a lso  performed an  experiment designed to check 
After a load-unload tes t  
In 
Any residual s t ra ins  which would be observed should be thermal  in 
- 7  
The tes t  resu l t s  showed a maximum residual s t ra in  of 1. 2 x 10 and this 
In the compression experiments a temperature compensating specimen was 
used and i t  was placed adjacent to the loaded specimen. The table model ARA testing 
6 
i 
I 
I 
I 
I 
w =  0.150 I 3 .B lmml  
Foil Sfrain Gages E 
I Pair Mounfed on Tension Surface 
7 
Compression 
0.050 Il.27mrnJ (9.53mmJDia 
Foil Strain Gages : (8.64mmJ ' 
I I Pair Mounted on Compression Surface 
F i g u r c  1 E c a m  Spccimcn Configurat ion 
i 
F i g u r e  2 Loading Whiff le t ree  U s e d  to Apply a P u r e  Bending Moment  
to B e a m  Spec imens  
7 
machine, which we used fo r  the tes ts ,  was then enclosed in a plastic tent. 
were energized and allowed to stabilize for one hour before testing was begun. 
The gages 
D. Beryllium S 100 (Specimen 5-1) 
We had previously reported a tes t  program using S 100 beryll ium that 
evaluated the microplast ic  behavior of two types of beam specimens: a flat  and an 
I-beam configuration. A s  reported in Ref .  1,  the I-beam configuration proved to be 
more  suitable than the s impler  flat specimen. An additional I-beam specimen was 
fabricated of S 100 mater ia l  and heat treated for s t r e s s  relief. 
tested in bending in an initial t es t  and the direction of bending was reversed in a 
second t es t  l u r  di i  dssessiileilt uf tlie iiliLru--Gduschinger effect. 
shown in Fig. 3 show somewhat higher properties than those reported fo r  a previous 
specimen in Ref. 1, The 1 MOYS values were 2520 ps i  (17. 3 N/mm ) initially and 
2 2270 psi  (15.6 N/mm ) on r eve r se  loading. 
the initial t es t  and on r eve r se  reloading a r e  42. 6 x 10 
a r e  within one percent of the previously measured values. 
This specimen was 
The tes t  resul ts  
2 
The modulus of elasticity values on 
psi  (29. 4 x 10 6 4 2 N /mm ) which 
E. Beryll ium I 400 (Specimens 6-1 and 6-2) 
This powder metallurgy product is characterized by a relatively higher B e 0  
The effect of the increased content (5. 36%) than the S 100 mater ia l  (0. 83% BeO). 
B e 0  content on the macro-propert ies  is to ra i se  the 0. 2% yield strength of beryllium 
f r o m  approximately 30,000 psi  (206 N/mm ) in the S 100 to 68,000 ps i  (475 N / m m  ) 2 2 
:-- L 1 - -  r A n n  - - - J  L-  L1-- & - - - : l e  -c --_I +L t.- n o  nnn --; 1 3 7 7  fii1--2\ +, 
I -- A I .  * L L b  A X"" Ul lU L." I u L I . 7 c I  b L L b  I c I l l Y L L L  " C * c I A A 6 " . '  A&.,.** *,, - - "  I I - , - - . . , - - -- - - 
2 80, 000 ps i  (550 N/mm ). 
s imi la r ly  be affected: the reported 1 MOYS value for  the I 400 mater ia l ,  given by 
Brush Beryll ium was 11,400 psi  (78 N/mm ) a s  compared with our measured values 
2 for  S 100 of 2, 000-2,500 psi  (13 ,  8-17. 3 N/mm ). 
Two I-beam specimens were machined f rom 0. 375 in, (9.5 mm) diameter rod 
It was a l so  to be expected that the micro-properties would 
2 
and s t r e s s  relieved by holding at 1325 F (993 K) for  one hour in vacuum and by 
furnace cooling to room temperature.  
2 bending test using 500 ps i  (3.44 N/mm ) s t r e s s  increments.  
bending was reversed  and the tes t  was repeated. 
direction allowed for  an assessment  of the micro-Bauschinger effect. 
schinger effect, the resu l t  of plastic deformation in one direction of loading i s  to 
lower the yield s t r e s s  in  the opposite direction. On the microscale ,  the effect is 
similar, in that microplast ic  deformation in one direction lowers the 1 MOYS 
in the opposite direction. 
Each specimen was subjected to a load-unload 
Then the direction of 
The second loading in the r eve r se  
In the Bau- 
8 
Strain data were  obtained a t  load and af ter  unloading for  each s t r e s s  increment.  
The 1 MOYS values were  determined from the unload s t ra in  data, 
data were  used to obtain Young's Modulus. 
of the proper  operation of the technique when the experimental  values a r e  compared 
with the published values. 
Shown in Fig,  4 are  the s t ress-residual  plastic s t ra in  data for each of the 
2 
The load s t ra in  
This paramenter  is a sensitive indicator 
1-400 specimens in the initial loading and the first reversal .  
on initial loading averaged 7 , 0 0 0  psi  (48. 2 N/mm ). 
is a marked micro-Bauschinger effect in  this mater ia l  with large reductions in the 
1 MOYS t o  3,350 psi  (23.1 N/mm ) and 4,300 psi  (29.6 N / m m  ) in the two specimens 
respectively in the first reversal .  On the basis  of our  previous micro-Bauschinger 
effect experiments with S 100 beryllium, we would not expect any fur ther  reduction 
in  the 1 MOYS with subsequent load reversals  but ra ther  a slight increase.  
The 1 MOYS values 
A s  shown in the f igure there  
2 2 
F. Fine Structure of Microplastic Strains in Beryllium S 100 and I 400 
In preparing Figs. 3 and 4 a smooth curve was fitted by eye to the individual 
data points to give a conventional representation to the data. 
however, that the sca t te r  of the data around the smoothed curve is not a resul t  of 
random e r r o r s  in  the instrumentation but may be representative of the microplastic 
yielding phenomena. 
there  is non-uniform yielding. 
data points mav be more  representative.  
The possibility exists,  
-6 The possibility exists that for  plastic s t ra ins  l e s s  than 4 x 10 
Hence the discontinuous dashed line connecting the 
A s  a n  explanation, it is appropriate to consider the sensitivity of the measurement  
in t e r m s  of actual displacement in the lattice. 
used in these  experiments is equivalent to an  average s t ra in  of 2 . 5  x 10 
specimen. 
-8 -7 in this study under this s t ra in  value is  of the o rde r  of 3. 1 x 10 in (7. 9 x 10 
-8 -7 In beryll ium one atomic spacing is of the order  of 1. 2 x 10 in (3. 0 x 10 
Hence a s t r a in  variation of the o rde r  of 2.5 x 10 around the smoothed curve in  the 
figure represents  an  actual variation in  deformation of l e s s  than 3 atomic spacings. 
If in a given increment of load there  is a dislocation slip-stick motion with variation 
in dislocation displacement of 3 atomic spacings, the resul ts  we observe with the 
beryl l ium a r e  reasonable. 
G .  
One unit on the s t ra in  read-out device 
-7 on the 
The elongation of a 0. 125 in. (3. 2 mm) s t ra in  gage of the type employed 
mm). 
mm). 
-7 
Type 52100 Steel (Specimens 7-1 and 7-2) 
Two beam type specimens,  similar to that shown in Fig.  1 were rough machined 
out of annealed b a r  stock and heat treated to a hardness  of Rockwell C63-64. After  
9 
t 
n e  
. .  
L I 1 I I I I 1 0 0 e 8 8 8 8 8 
0 
0 
ro 
c 
0 
4 
W 
Q) 
k 
5 
M rz 
10 
90 
80 
70 
u) v
2! z 60 
F w  * E  
c E  Q \ 5 0  m z  
D 
Q 
Q 
.-  
a 40 a 
30 
20 
IO 
0 
14 
12 
IO 
8 
.- 
v) 
Y 
6 
4 
2 
0 
! 
0 I 2 3 4 5 6 7 
Residual Plastic Strain After Unloading 
Micro W i n .  
0 I 2 3 4 5 6 7 
Residual Plastic Strain After Unloading 
Micro in./in. 
F i g u r e  4 Microplastic Strains f r o m  Bending Tes t s  on 1 4 0 0 ,  High B e 0  
Content Beryll ium Showing the Micro-Bauschinger Effect 
finish grinding, the specimens were  stabilized by thermal  cycling between 35 O F  
(450 K) and -100F (199 K) f o r  several  cycles. The details of the heat treatment 
a r e  given in Appendix I. 
those used on the beryll ium specimens were applied to both flange surfaces  and 
connected in a full bridge arrangement.  
Foil  s t ra in  gages BLH type FAP-12-12S6, s imi la r  to 
Specimen 7-1 was tested in bending using the arrangement  shown in Fig. 2 
with the load-unload procedure. Loading to a maximum s t r e s s  level of 29 ,400  psi  
(196 N / m m  )presented  indications of negative residual s t ra ins  a s  shown in Fig.  5 .  
Testing was discontinued for  approximately an hour and the t e s t  was repeated this 
t ime to a maximum s t r e s s  level of 58, 8011 psi (405 N/mm ) .  
s t ra ins  were  negative as shown in F ig .  5. Negative s t ra in  resul ts  have been observed 
previously in s teel  by Reichenbach, Brown, and Russe11(2), by Jennings ( 3 )  and 
others using s t ra in  gages, however, in each case  the resul ts  have been attributed 
to effects in the s t ra in  gages o r  to the bonding technique ra ther  than to the mater ia l  
i tself .  The modulus of elasticity value obtained f rom the loading s t ra ins  was found 
to be 29.5 x 10 
with the published values for  this material. 
there  was no gross  malfunction of the strain gages. 
2 
2 Again the residual 
6 4 2 psi  (20. 3 x 10 N / m m  ) in both experiments, which i s  in agreement 
This resul t  seemed to indicate that 
We believed a t  the t ime that the negative s t ra in  resul ts  could a r i s e  f r o m  
causes other than the mater ia l  itself o r  the s t ra in  gages and that these effects 
might be associated with complex s t r e s s  interactions in the perforated webs. To 
A _ _ *  L L Z -  * - . .  - 1  .... ., * -  * e. .. I _  . 1 ,  
c c u c  C I I ~ U  L a L L e I  puJaLULILLy ~l le  acfLullu I - U c c b l l l  LuIlllgULaLlull ~ p e ~ l l l l c l l  t -L w a a  Luaueu 
in compression. 
The previously tested specimen was used for  temperature compensation with all 
gages in both specimens connected in a full bridge. 
of the gages in the bridge were active, 
of approximately 115, 000 ps i  (792 N/mm ) and a s  the resul ts  given in Fig. 6 indicate, 
negative s t ra in  values resulted. On this basis we could only conclude that the resul ts  
were  not specifically due to the configuration but were  due to the mater ia l  o r  that they 
a r o s e  in the measurement  system. 
concluded that such effects  a r e  due to the s t ra in  gages, conclusive evidence of this 
has not been presented; ra ther  the judgment has been based upon statist ical  
ra ther  than a c lear  demonstration of cause and effect. 
One s t ra in  gage on each flange was used for  measuring the s t ra ins .  
In this case,  however, only two 
The specimen was loaded to a s t r e s s  level 
2 
Although the other workers  (Refs. 2 and 3) have 
evidence 
H. Lockalloy (Specimens 8-1 and 8-2) 
As shown in Appendix 1, Lockalloy i s  an aluminum-beryllium alloy containing 
approximately 62 percent beryll ium and 38 percent aluminum. Two specimens, 
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I each 0 . 5  inches (12.7 mm) in diameter and two inches (50.8 mm) long were  
machined f rom nominal 0.50 inch (12.  7 mm) diameter  rod, 
FAP-12-12S6 foil s t ra in  gages were applied 180 
P a i r s  of BLH 
0 I  apar t  a t  the center  of each of the 
specimens.  
8 - 2  was tested using the load-unload procedure. 
Specimen 8 -1 served fo r  temperature  compensation while specimen 
The microplast ic  compression s t ra ins  for  Lockalloy, shown in Fig. 7 
2 
indicate a value of the 1 MOYS of approximately 6,500 psi  (44. 8 N/mm ) which is 
comparable with the value for  1-400 beryllium. 
f r o m  the load s t ra in  values was 31. 6 x 10 
I. Elkcnite (Specimen 9-1) 
Young's modulus value obtained 
6 4 2 psi (21. 8 x 10 N/mm ). 
An I-beam specimen was machined f rom ba r  stock of this alloy of copper 
(28%) - nickel (3%) -tungsten (69%) and s t r e s s  relieved af ter  machining at 600F 
(589 K) for  2 hours in an iner t  atmosphere,  The specimen was similar to  that 
shown in F i g .  1, however, a solid web rather  than a perforated web was used. 
The specimen was tested in  bending in one direction and then a second tes t  
was performed in the opposite direction. The resul ts ,  shown in Fig. 8, a r e  inter-  
esting in that there  appears  to be a negligible micro-Bauschinger effect  with the 
Elkonite mater ia l  with both values of the 1 MOYS at approximately 11, 000 psi  
2 (76 N/mm ). 
modulus as obtained f rom the load-strain values was 31. 8 x 10 
on the initial loading. 
In this respect  this  mater ia l  differs from the other tested. Young's 
6 4 2 ps i  (21. 9 x 10 N / m m  ) 
Summary of Results - I 
A summary  of the microplastic s t ra in  data for  each of the mater iars  tested 
, is given in  Table 1. 
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III. METALLURGICAL INVESTIGATIONS 
A. Introduction 
Some prel iminary optical and electron metallographic studies were  made on 
beryll ium to establish the value of such studies in explaining the microdeformation 
behavior of these mater ia l s  under s t ress .  
the definition of the overall  metallographic s t ructure  by optical metallography, (2)  
the study of dislocation positions and movement using etch pit techniques and electron 
metallography, and (3) temperature-humidity corrosion tests.  
These studies involved principally (1) 
B. Mater ia ls  
The mater ia l s  studied were:  
QMV Beryllium Rod - Brush S 100 (Low Microinch Offset Yield Strength) 
I I  
I t  ) QMV Beryllium Rod - Brush I 400 (High 11 I 1  
Berylco Rod - Lockalloy (Be - 38A1) 
Chemical composition and t reatments  of these mater ia ls  a r e  given in 
Appendix I. 
C. Optical Metallography 
The essential  difference between the S 100 and I 400 beryll ium is in the 
B e 0  content. 
the higher B e 0  content. 
a t  750X. 
On the bas i s  of these counts the number of particles pe r  square inch a t  750X was 
found to be 40 fo r  the S 100 and 191 for  the I 400. 
The higher properties of the I 400 a r e  purported to be the resu l t  of 
Figs.  9 and 1 0  show the Be0  par t ic les  in unetched samples  
B e 0  particle counts were  made using a 3" x 4" plane section a t  750X. 
Studies were  a l so  made on the bend tes t  specimens of S 100 beryllium. The 
specimen material as received has  the s t ructure  shown in Fig .  11 indicating no 
twinning. Af te r  straining plastically to about 10 micro- in/ in  (1 0 micro  cm/ cm) 
the s t ruc tu re  is as shown in Fig. 12 indicating some twinning. 
studies this  s t ra ined mater ia l  was vacuum annealed for  8 3 /4h r s .  at 2000 F (1370 K) 
and its s t ruc tu re  shows the absence of twins and somewhat coa r se r  grains (Fig. 13). 
F o r  dislocation 
The micros t ruc ture  of I 400 Beryllium is shown in Fig. 14. The microstructure  
of Lockalloy is shown in Fig. 15. 
alloy follows : 
The electropolishing solution used with the Lock- 
700 M1 Ethanol (95%) 
100 M1 Butoxyl Ethanol 
200 M1 Perchlor ic  Acid (30%) 
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Unetched Mag. 7 5 0 X  
F i g u r e  9 B e 0  Distr ibut ion i n  S 100 B e r y l l i u m  
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F i g u r e  10 B e 0  Distr ibut ion i n  1 4 0 0  Bery l l i um 
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Mag. 7 5 0 X  
F i g u r e  11 M i c r o s t r u c t u r e  of S 100 B e r y l l i u m  A s  Received  
20 
P o l a r i z e d  Light  Mag. 2 5 0 X  
Mag.  7 5 0 X  
F i g u r e  1 2  M i c r o s t r u c t u r e  of S 100 B e r y l l i u m  Bend Spec imen  Sur face  a f t e r  10  
m i c r o i n c h /  inch  P l a s t i c  S t r a in  
2 1  
P o l a r i z e d  Light  Mag. 2 5 0 X  
Mag. 7 5 0 X  
F i g u r e  1 3  M i c r o s t r u c t u r e  of S 100 Bery l l i um Bend Spec imen  Sur face  after 10 
m i c r o i n c h / i n c h  P l a s t i c  S t r a in  Fol lowed by Vacuum Annealing at 
2000 F ( 1370 K )  f o r  8 3 /4  Hours  
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P o l a r i z e d  Light Mag. 2 5 0 X  
F i g u r e  14 M i c r o s t r u c t u r e  of I 4 0 0  B e r y l l i u m  A s  Rece ived  
1 
2 3  
Longitudinal  Mag. 7 5 0 X  
T r a n s v e r s e  Mag. 7 5 0 X  
F i g u r e  15  M i c r o s t r u c t u r e  of Lockal loy (Be-38AL) 
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D. Electron Metallography 
TO investigate the possible correlation between microstrain and dislocation 
density in beryll ium the electron microscope was used in conjunction with etch 
pitting technique. 
The procedure for  producing etch pits a t  dislocation s i tes  and "decorating" 
them with copper for  observation with the electron microscope was a s  follows: 
1. Electropolishing. 
Electrolyte:  75 0 M1 ethylene glycol 
15 M1 nitric acid 
15 M1 sulfuric acid 
15 M1 hydrochloric acid 
Polishing Time - 2 minutes 
Polishing Voltage - 16 volts 
Immediately r inse  specimen in ethyl alcohol, 
followed by isopropanol. 
2. Copper Sulfate Solution. 
100 Mg cupric sulfate 
200 M1 distilled water  
Immerse  specimen for 15-30 seconds. 
distilled water  followed by isopropanol. 
Rinse in 
FiG- 16 c'-z.;..c +'*= -,+.'- y t  p2tt,yr, :f +z~zL2~~cr* :;+:: f C F  "-, E ?..y--11:..-- J ***-*-* 
in  the as received condition. 
beryll ium test specimen af ter  plastic straining 10 mic ro  in/ in  ( 10 micro  cm/cm)  
indicating slightly grea te r  density. 
high density, it seemed advisable to establish a base  pattern for  fully annealed 
beryllium. A much reduced dislocation density is shown in Fig .  18 f o r  a sample 
vacuum annealed at 2000 F (1370 K) for  8 3/4 hours. 
F ig .  17 shows the corresponding pattern for  the S 100 
Since both of these specimens showed rather  
The average etch pit count f o r  a typical square inch on the 7500X micrographs 
for  these three  conditions of S 100 is a s  follows: 
Condition Number of Etch Pits 
Strained 10 micro  in/ in  (10 micro  cmlcm)  
A s  Received 150 
Annealed 2000 F (1370 K) 8 3 /4  hours 30 
178 
in  Bending 
25 
Mag. 7 5 0 0 X  
F i g u r e  16 E l e c t r o n  Mic rograph  Showing E tch  P i t s  i n  S 100 Bery l l i um A s  Rece ived  
26 
Mag. 7 5 0 0 X  
F i g u r e  17  E l e c t r o n  Mic rograph  Showing E tch  P i t s  i n  S 100 Bery l l i um Af te r  
P l a s t i c  S t ra in ing  10 mic ro inch / inch  
27 
Mag. 7 5 0 0 X  
F i g u r e  18 E l e c t r o n  Mic rograph  Showing E tch  P i t s  i n  S 100 B e r y l l i u m  Af ter  
2000 F ( 1 3 7 0  K) ,8  3 / 4  Hour Anneal  
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Attempts to produce etch pits in the1 400 and Lockalloy using the same 
procedure as for  the S 100 were  unsuccessful. 
for  these mater ia l s  
E. Corrosion Tests  
Development of suitable techniques 
was not included in this phase of the program. 
In view of comments concerning the observance of pitting only on I 400 
mater ia l  af ter  temperature-humidity tes ts  (MIL-E-5272 c) ,  samples of S 100, I 400, 
and Lockalloy were subjected to this tes t  simultaneously in the same chamber. The 
details of the test observations a r e  given in Appendix 11. 
It appears  f rom this simultaneous exposure that surface effects  appear a t  
about the same time and develcp equally fast  in all three mater ia ls .  
af ter  t e s t  a r e  shown in Fig. 19. 
locations on all specimens. In some locations pitting is present  under the corrosion 
product deposits. 
The specimens 
White corrosion products a r e  present  a t  various 
X-ray  diffraction studies a t  Oak Ridge (4) on similar white deposits tentatively 
indicated that they a r e  dehydrated beryllium oxide and; o r  beryll ium hydroxide caused 
by the slow hydrolysis of beryll ium carbide inclusions. 
F. Discussion 
The overall  metallographic s t ructures  determined by optical metallography 
appeared normal. 
indicated by chemical analysis. 
The B e 0  content was reflected in about the same percentage 
Twinning resulting f rom small micros t ra ins  was 
observed. The T 4nn m a t o r i a l  had 
than the S 100, which factor should be considered in m o r e  exhaustive studies of 
these mater ia l s .  
f i n e r  0 n r a i n  c : ~ ?  !n !!?e ?z rezz!-:zd ccz&:tki: 
It is apparent that the electron microscope combined with etch pitting techniques 
can be used to point out reasons for  differences in the plastic behavior of beryll ium 
under low s t r e s s .  
tribute to the evaluation of metallographic s t ructures  mos t  conducive to the develop- 
ment  of higher one microinch offset yield s t ress  in instrument mater ia ls .  
observed that etching and decorating procedures may have to be developed for  
var ious beryll ium mater ia ls .  
etch pits in the I400 is that mos t  of the dislocations may be located close to the 
B e 0  par t ic les  ra ther  than in the mat r ix  beryllium. 
The observation of dislocations by these techniques would con- 
It was 
A possible explanation of the difficulty in producing 
The tempera ture  humidity t e s t  was very limited but it seems likely that i f  
c r i t i ca l  beryll ium gyroscope components a re ,  in fact, subjected to the environment 
used i n  this  tes t ,  some difficulties should be anticipated f rom the corrosion product 
and /o r  the pitting. The behavior of the three mater ia l s  tested appear to be s imilar .  
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s 100 I 4 0 0  Lockal loy 
G e n e r a l  AppeCr rd i~c t :  01 Spec imens  
I400 
White  C o r r o s i o n  P r o d u c t s  
d Mag. 1 3 X  
I400 
P i t s  Eelow White C o r r o s i o n  P r o d u c t s  
F i g u r e  19 B e r y l l i u m  Spec imens  a f t e r  T e m p e r a t u r e  Humidity T e s t s  
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IV. FORK OPTIMIZATION 
I A.  Introduction 
I 
I 
1 
The first requirement for  the design of fork is that the t ransverse  rigidities 
in the directions of the principal axes  should be equal. Satisfying this condition, 
I the fork should sustain the thermal  loading caused by a given amount of temperature  
I 
differential between the hot shaft and the cool fork. Also, the fork needs to take 
a specified amount of quasi-dynamical impact force applied either longitudinally 
o r  t ransversely.  
I 
The s t ruc ture  of fork and shaft  i s  a9slirned a s  shown in Fig .  20. The internal 
fo rces  acting on the ends of fork a r e  shown in Fig .  21. The deflections of the 
s t ructure  caused by the applied loads a r e  shown in the same figure. 
design is then optimized on the basis  of this s t ructure .  
The fork 
I 
1 
B. Fork  Design for  Equal Rigidities 
The deflection at point a in the x direction (Fig .  212.) due to load F is 
X 
A =f .c2 t f P - ~ M )  1 
(3 
Y 
E1 
I where P and M are the internal forces  shown in Fig. 21a. F r o m  equations of 
section C on pg. 18 in Ref. 1, 
- r P = x  
2 
and 
Substituting into Eq. (1) leads to the following equation. 
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I n  finif ely 
Rigid Base 
0 .)
n 
Figur t :  20 Fork  and Shaft 
Fig. 21 ( a )  
Fig. 21 ( b )  
Fig. 21 ( c 1 
Figure  21 The F o r c e  System in  both Fork  and Shaft 
(a) External force  in  longitudinal direction 
(b) External force in  t ransverse  direction 
( c )  Temperature  load 32 
e 4 ;  
Eflf 
( - 1  = 
P f  
Here,  I indicates t.-e effective moment of inertia o the shaft whose value is very 
close to I in  this particular case.  Then, by substituting Eqs. (6)  into Eq. (5), the 
expression for  y takes the fo rm 
S 
1 
where 
Ef V f  
8. = E s C f I s  
The deflection at point a in the y direction (Fig. 21b) 
. p 3  
Y 3 E I  S 
A = ' f  
X 
where S is the internal force shown in Fig.2lb. A s  mentioned in Ref. 1 
F 
2 s = y  
Then, f r o m  Eq. (9) 
A t 
F?m- X 
Y 
(9) 
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The condition of equal rigidities requires 
Using this equation together with Eqs. (4) and (11) the following relation between 
b. and h is  obtained, 
(1 3 )  h = y  l /  2 b  
Thus, to obtain equal rigidities for the fork, the dimension of i ts  cross  section 
must  satisfy the above equation. 
C. Fork  Dimension Versus the Applied Force  Paral le l  to the Shaft 
F r o m  Eqs. (3)  and (6) the expression for  M (Fig. 21a) i s  derived a s  
FX 3 
'f 6 (1 t c) t $1 
M = -  
2 
As seen f r o m  Fig .  21a, the moment M, is 
M 0 = 7 F  1 4, - M  
x f  
Using the above equation and the beam formula 
M , = ~ U  bh2 
together with F = EXx 
x g  
the expression for xx - is obtained as 
g 
... . 
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F o r  satisfying the condition of equal rigidities, the last equation takes ' the new fo rm 
... 
x 6(1 t C) t @ I  cr yb3 
L l  
- -  
g 3(1 -t 2 ~ ) + @ 1  3 t f  W 
D. Fo rk  Dimension Versus the Applied Force Normal to the Shaft 
The moment M, shown in Fig.2lb is statically determinate.  Hence, 
F 
M, =2'. f 
The beam formula is 
Solving Eqs. (20) and (21) 
crb2 h F =  
Y 3 t f  
If the condition of equal rigidities expressed by Eq. (13) i s  satisfied, the last 
equation be comes 
Le: i 
Substituting the above equation into Eq. (23) leads to 
E. F o r k  Dimension Versus Temperature Differential 
It is first necessary  to determine the internal forces  M and P (Fig.  21c). A s  
explained on page $6 in Ref. 5, 
f o r  deflection and rotation. 
they a r e  found f rom the two following equations 
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6 6 1 P ( p I f  - M ( - )  = - 4  a A T  m f  2 ' s  s 
Thus solving, 
Let  
0 6 G ( - )  = ( - )  =- 
p f m f 2EfIf 
Here  1:k = 1. 64 I1 
S 
Substituting Eq. (28)  into Eqs. (26) and (27) give,respectively, 
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where 
and P = ( B t 2 c t 2 ) -  M 
& f  
Next, wri te  the expression fo r  M shown in F i g .  21c 
0 
M = P t f  - M 
0 
I Aft e r s u h 9 ti tuti n n , 
Ef t a T bh' 
Mo = ( @ + 2 c  l )  4 . e . f Z ( 2 @ + 4 c  t 1) 
Finally,  Mo is related to the fork dimension through the beam formula 
2 
Mo = cr (bh / 6) 
I Thus, this  equation and Eq. (32) determine the relation between AT and the fork  
I dimension a s  follows 
I 
t 3 t 2 c t o . 5  - 1 -  1 4 &r"  
P t  2c t 1 - ' h A T  = ( JEf G s a s  (33) 
F o r  the fork  to satisfy Eq. (13)(the condition of equal rigidities) the above relation 
becomes 
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F. Results 
F ig .  2 2  shows the resul t  
eration v s  b. 
, i. e. curves of h v s  b, temperature  v 
The following data a r e  used in obtaining these curves:  
4 = 1. 57 in. 
tf = 0. 716 in. 
I ,  = 0. 578 x 10 in 
= 1 . 8 8 6 ~  10 in 
S 
-4 4 
-4 4 
If 
Is = I, 
- 4 .  4 1" -1. 64 I, = 0. 948 x 10 in 
W = 0. 646 lbs. 
S 
6 
6 
6 
42.0 x 10 psi  (Beryll ium) 
32.0 x 10 psi  (Elkonite) 
29. 0 x 1 0  psi  (52100 Steel) 
1 u . 8  x IU psi  (Aluminumj 
h 
6 6 .5  x 10 psi  (Magnesium) 
E =  
I 
I c y =  S 7. 4 x in/in/'F (Beryll ium) 4. 72 x in/in/'F (Elkonite) 6. 9 x in/in/OF (52100 Steel) 
b and accel-  
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(a) Beryllium Fork, Beryllium Shaft 
F i g u r e  22  Design Charts for  F o r k  Dimensions for  Temperature ( top  char t )  
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Figure  22 (continued) 
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Treatments  of Metals Tested 
QMV Beryllium Rod - Bendix Spec. 450A Grade A (Brush S 100) 
(1) 
( 2 )  
(3) Finish machine 
Machined to within 0. 010 
Vacuum s t r e s s  relieved a t  1325OF (990 K) ,  1 h r . ,  furnace cooled. 
QMV Beryllium Rod -Bendix Spec. 450 A Grade D (Brush 1400)  
Same as for  Grade A above. 
Berylco Lockalloy Rod 
Used as received in annealed condition 
52100 Steel Rod 
(1 ) Rough Machine 
( 2 )  Heat t r e a t -  Austenitize at 1550 F (1120 K)  1 /2  hour, Martemper i n  
agitated salt  475 F (520 K )  3 to 5 minutes, Temper  300 F (420 K )  
(Hardness obtained Rockwell C 63. 5-64)  
I ( 3 )  Grind 
(4) Stabilize (a) 350 F (450 K )  1 /2  hour hold (b) cool to R. T. , (c )  cool to 
7 0  F (210 K )  to 100 F (200 K )  - 1 / 2  hour hold (d) w a r m  to R. T. , repeat 
a to d, reheat to 350  F (450 K )  - 1 / 2  hour hold, cool to R. T. 
I 
(6) Fin4-h --:-A e.----- -__ -- -- 
I 
Elkonite Rod 
I 
S t r e s s  relieved af ter  machining 600 F (589 K )  2 hours in iner t  atmosphere. 
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APPENDIX I1 
Temperature  - Humidity Tes t  Results 
on Beryllium Samples 
Conducted by Acton Laboratories,  Inc. 
According to 
MIL-3-5272c, Procedure  I 
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533 MAIN STREET - ACTON MASSACHUSETTS - COLOUUL 3-7756 BOSTON LImcrrr 2 0 2 8 4  
A S U ~ S I O I A I V  O F  eo wmAa t.vsraumemr C O I P O R A I I O N  I 
I ENVIRONMENTAL TEST DIVISION 
REPORT OF TESTS 1 
STARTING DATE: May 18, 1 9 6 6  
REPORT DATE : June  4 ,  1 9 6 6  
RCFORT XO. 4 5 8 1  
MAT E R I AL Three  (3) ARA Bery l l ium Samples 
YOUR ORDER NO. Purchase  Order  No. 34636 
SUBMITTED FOR:  M o i s t u r e  R e s i s t a n c e  T e s t  
1-Sl00,  1-1400 , 1-BE3RAL 
A l l i e d  Research A s s o c i a t e s  
1 .0  REQUIREMENTS 
I S u b j e c t  t h e  above samples  t o  Temperature-Humidity T e s t  a s  r e q u i r e d  
by XIL-E-5272CI P rocedure  I.  Samples  are t o  be v i s u a l l y  examined 
d a i l y  . 
2 . 0  PROCEDURES 
The samples  were suspended  w i t h i n  a Blue M Humidity Chamber, Moqel 
FR386PC, and s u b j e c t e d  t o  t e n  ( 1 0 )  24-hour cycles  of t empera tu re -  
humid i ty  a s  r e q u i r e d  by MIL-E-5272, P rocedure  I .  Each sample w a s  
examined d a i l y .  
3.0 RESULTS 
1st day 
2nd day  
3 r d  day 
4 t h  day  
5 t h  day 
6 t h  day 
7 t h  day 
8 t h  day 
9 t h  day  
1 0 t h  day 
s 1 i g h t  o x i  d a t i o n  
s l i g h t  o x i d a t i o n  
s l i g h t  o x i d a t i o n  
s l i g h t  o x i d a t i o n  
s l i g h t  o x i d a t i o n  
s l i g h t  p i t t i n g  on a l l  t h r e e  (3) samples  
when viewed w i t h  microscope 
s l i g h t  p i t t i n g  on a l l  t h r e e  (3) samples  
when viewed w i t h  microscope 
s l i g h t  p i t t i n g  on a l l  t h r e e  ( 3 )  samples  
when viewed w i t h  microscope 
s l i g h t  p i t t i n g  on a l l  t h r e e  ( 3 )  samples  
when viewed w i t h  microscope 
s l i g h t  p i t t i n q  on a l l  t h r e e  (3) samples  
when -.liewed w i t h  microscope 
4.0 DISPOSTION OF SIMPLES 
The samples were r e t u r n e d  t o  A l l i e d  Research  A s s o c i a t e s  f o r  f u r t h e r  
eva lu a t  i on. 
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531 MAIN 8TRELT -- ACTON. MAS8ACHUSCTTS - COLOUIAL 3 7 7 5 6  BOSTON L l v r t r  2 0284 
A S U I S l D l A R V  O? I O W Y A R  I N S l R U Y C N l  CORPORATION 
I 
I 
I Laboratories, Inc. 
I REPORT NO 4 5 8 1  REPORT DATE June 4 ,  1 9 6 6  
T e s t  conducted b y ,  W e  c e r t i f y  t h a t  t h i s  report i s  a t r u e  
r e p o r t  of t h e  test c o n d i t i o n s  a p p l i e d  
and the  results obta ined  from our tes t  
of this m a t e r i a l .  
R e s p e c t f u l l y  submitted ,  
MLT : W JS /hmf 
ACTON LABORATORIES, INCORPORATED 
Subsidiary  of 
Bowmar I h s t r u m n t  Corporation 
Environmental T e s t  D u i s i o n  
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